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REVISED ABSTRACT 

Sphere^ transmission experiments for measuring average capture cross 
sections Oq in the unresolved resonance region have been interpreted 
in the past by an analysis adapted from that of Bethe, which assumes cap- 
ture and scattering cross sections to he energy independent in the keV 
region. Because of the resonant nature of these cross sections, rela- 
tively large resonance self -protection corrections have been applied to 
these results. 

Monte Carlo calculations that account directly for energy-dependent 
cross sections and multiple -scattering processes in the sphere experiments 
have provided significantly larger values of Oq as a result of including 
effects of resonance scattering. The consequences of this are particularly 
important for Au, for which interpretation of the same experiments provides 
a value of (Jq at 24 keV of 635±50 mb by Monte Carlo analysis compared 
with 532±60 mb by Bethe analysis with a resonance self -protection correc- 
tion. This difference can be attributed to the incorrect inclusion of an 
average resonance scattering cross section in using the Bethe analysis. 

The problem in applying the Bethe method when microscopic cross sec- 
tions are energy dependent may be reduced to the determination of an effec- 
tive scattering cross section. By comparing values of average capture cross 
sections obtained from the Monte Carlo analyses with values obtained from 
the Bethe analyses for Ag, Sb, I, and Au, a suitable criterion was obtained. 
The use of the potential scattering cross section as the effective scatter- 
ing cross section in the Bethe analysis was shown to provide results that 
were in reasonable agreement with the Monte Carlo results without the neces- 
sity for applying resonance self -protection corrections. 
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1. INTRODUCTION 

The sphere transmission method has been used with Sb-Be neutron sources 
to measure absolute values of average capture cross sections at 24±2 keV for 
many elements by SCHMITT and COCK [l] , and BELANOVA, et al. [2]. Average 
capture cross sections are obtained from the values of transmission by a 
method described by EEEHE, et al. [3]. This calculations!, method accounts 
for the neutron multiple scattering processes prior to capture or escape 
from the sphere. However, a major limitation of the method is that the 
cross sections are considered to be independent of neutron energy. At 
24 keV, even for medium-weight and some heavy nuclei of interest, the average 
spacings of resonances far exceed average Doppler -broadened neutron widths so 
that resonances retain their characteristic shape, and cross sections vary 
considerably with energy. For these nuclei, the average spacing of reso- 
nances is ~10 eV so that hundreds of levels are encompassed in the 4 keV 
spread of Sb-Be source neutrons. It is, therefore, necessary to take into ac- 
count the effects of neutron resonances in interpreting the sphere trans- 
mission experiments. 

In the Monte Carlo analysis, described by BOGART and SEMLER [4], the 
resonance cross sections enter directly into the problem as primary input 
data in addition to the assumed values of potential scattering cross sec- 
tions. In this way, values of sphere transmission as a function of assumed 
cross sections are obtained. The calculations yield values of average 
p-wave capture and potential scattering cross sections that preserve pub- 
lished values of total cross sections and that satisfy the experimental 
values of sphere transmission. 

It is shown that the use of the Bethe method as applied in the past 
[l,2,5] without the use of resonance self -protection corrections provides 
values of average capture section that underestimate significantly the 
values obtained by Monte Carlo analyses of the same sphere transmission 
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experiments. The application of resonance self -protection corrections [ 1 5] 
to the results obtained by the Bethe analysis considerably improves agree- 
ment with the Monte Carlo results for Ag, Sb, and I, but not for Au. 

Both the Monte Carlo calculations and the Bethe method with resonance 
self -protection corrections require a priori knowledge of average s-wave 
resonance parameters as input data. For many isotopes, accurate statis- 
tical data are not available. In addition, the direct Monte Carlo analysis 
is laborious and perhaps is not a working method for general interpretation 
of sphere transmission experiments. Therefore, a method of interpretation 
of sphere transmission experiments that uses • the Bethe analysis but avoids 
the necessity for applying resonance self -protection corrections is desirable. 
By comparing values of average capture cross section obtained from the Monte 
Carlo analyses with values from the Bethe analyses for Ag, Sb, I and Au, a 
suitable criterion is presented. 

2. MONTE CARLO ANALYSIS 

Sphere transmission experiments have been analyzed by a Monte Carlo 
method [4] that employs resonance cross sections. that are based on pub- 
lished s-wave statistical data. Spherical shell dimensions and transmission 
data for spheres of Ag, Sb, I, and Au that have been analyzed [l,2] and the 
average s-wave resonance parameters at 24 keV that have been obtained from 
published statistics from slow-neutron spectroscopy studies are presented 
in Table I. Cross sections based on these parameters are employed in the 
Monte Carlo analysis and are generated from the Porter-Thomas distribution 
of reduced neutron widths as represented by 10 Doppler -broadened Breit- 
Wigner resonances and from the Wigner distribution of level spacings as 
represented by 10 values; each value is the average of a decile of the 
respective normalized populations. The scattering and capture cross sec- 
tions for each resonance are represented by 200 energy values at l/2 eV 
intervals. The general operation of the Monte Carlo program is described 
in reference [4]. An isotropic point source of neutrons is assumed to be 
centrally located in the shell. For each shell 100,000 case histories are 
followed either to capture or to transmission. The average energy a neutron 
may lose in an elastic collision is from 1 to 2 percent of its energy; at 
24 keV, this energy loss is very much greater than the average level spacing. 
Therefore, a collided neutron encounters energy intervals with equal proba- 
bility. The reaction cross sections for an energy interval are generated as 
the sum of the contributions of the scattering and capture cross sections of 
two adjacent noninteracting Wigner-spaced : Doppler -broadened resonances chosen 
at random. 

The conditions that are satisfied simultaneously by the Monte Carlo 
analyses are the experimental values of average total cross section arp 
and transmission T. The constituent parts of mp are the s-wave and 
p-wave capture cross sections ctq and ag , the s-wave resonance scat- 
tering component ag g , and the potential -^scattering cross section a 
In the Monte Carlo calculations the p-wave scattering component is assumed 
to be small and the p-wave capture cross section is considered to be energy 
independent and is approximated by an average value. The s-wave resonance 



3 


parameters used are averages over all isotopes of elemental samples; a spin 
weight factor g of l/2 was used. 

Some limitations of the Bethe method of sphere analysis were explored 
by BOGART and SEMLER [4] in performing several idealized sphere transmission 
problems by the Monte Carlo method. Illustrative calculations were made for 
Au and I shells using several arbitrary repetitive step scattering and cap- 
ture cross sections superimposed on the potential scattering. The spacings 
and magnitudes of the steps were such that the same average value of capture 
cross section was provided as that used for a nucleus possessing constant 
scattering and capture cross sections. It was found that all values of oj, 
that satisfy a given value of sphere transmission and that consider the 
resonance nature of the cross sections as represented by the steps, are larger 
than the values of Fg for energy independent cross sections. These step 
values of oh are particularly increased by resonance scattering. In the 
same way, the present Monte Carlo calculations that account directly for 
energy dependent cross sections and multiple scattering processes_in the 
sphere experiments have provided significantly larger values of cfg as a 
result of including the effects of resonance scattering, which are particu- 
larly important for Au. Interpretation of Au transmission experiments pro- 
? vides a value of Fq at 24 keV of 635 ± 50 mb by Monte Carlo analysis-*- 

compared with 532 ± 60 mb reported by SCHMITT [5] which includes a resonance 
self -protection correction; a value of Fq for Au of 660 ± 60 mb, by Monte 
Carlo is to be compared with a value of 570 ± 30 mb by BELAEOVA f 2 ]. 

The results of the sphere transmission experiment analyses by Monte 
Carlo and a comparison of results at 24 keV by Bethe and Monte Carlo 
analyses are presented in Table II. The internally consistent values of 
c*C s > a Cp-> a C> °S s ff pot obtained by the Monte Carlo analyses that 

satisfy the experimental transmissions and reported values of Frp are also 

listed in Table II. The effects of an estimated 10-percent uncertainty in 

iy and the measured uncertainties in T n and D are evaluated by separate 

calculations and are combined to provide the listed uncertainties in Fq 

and CTq • The uncertainties in FA result from the uncertainties in S 
^s °p 

in the measured values of shell transmission T. Although the values of 
a C s an< ^ °Cp are found individually to have the listed uncertainties , 
their sums Fq have been found to vary slowly with relatively larger 
changes in dp 0 -fc and F^ because of partial coupe ns at ion in satisfying 
experimental transmissions. Therefore, the precision of the Monte Carlo 
value^of Oq is not believed to be the sum of the uncertainties in Fq 
and but has been taken to be of the same order of magnitude as ° 

* ''"A biasing error in the coding of those Monte Carlo problems of refer- 

ence [4] that employed the Wigner distribution of level spacings, forced con- 

. vergence on erroneously high values of s-wave capture and scattering cross 

sections for Au and I. As a result, the inferred values of p-wave capture 
that satisfied observed values of sphere transmission for these nuclei were 
too low. This coding error has been corrected, and the results presented 
herein have been corrected for this computational error. 
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The Bethe method has been used to compute the values of dg that 
satisfy the experimental values of transmission for several shells for a 
range of scattering cross section 03 . Because the Monte Carlo code 
employed herein is readily capable of reproducing the Bethe calculations 
for energy independent cross sections, several Monte Carlo calculations 
were also made as a check. The two methods were found gener ally to agree 
quite accurately. Inasmuch as there are many combinations of constant 
scattering cross section dg and constant capture cross section Cq that 
satisfy a given value of transmission for a shell, the locus of such values 
has been determined. 


The locus curves have been calculated for shells that were measured by 
SCHMITT [l], namely Ag, Sb, I, and Au-2. The curves are presented in Fig. 1. 
In each case reduction of dg results in an increase in <Jq. 


The problem in applying the Bethe method when microscopic cross sections 
vary with energy can be reduced to the determination of an effective scat- 


tering cross section dg 


eff 


In the past, the measured average total cross 


section dtp at 24 keV has been used to estimate d, 


Seff* 


%ff " *T * *C W 

Since d^ is generally much smaller than d^, a single iteration results 

in a good value for d c . However, since dm consists of the sum of 

s eff x 

a pot> ffg> and dg, relation (l) is equivalent to using 


3 eff 


= d 


pot 


+ V n 


in the Bethe analysis. 

The question arises as to what the effective value of energy-independent 
scattering cross section is that provides a value of dg that is in reason- 
able agreement with the results of the present Monte Carlo analysis. Indi- 
cated in Fig. 1 are the values of dg for values of ff s e ff that correspond 

to drp - dg and to cTp 0 f The Monte Carlo values of ofc are shown to 
correspond closely to the values obtained by using dpot as the effective 
scattering cross section. Values of dg reported by Schmitt that have been 
corrected for resonance self-protection are also shown. These corrected 
values increase the values of dg so as to agree reasonably well with Monte 
Carlo values for Ag, Sb, and I. They disagree, however, for Au. Therefore, 
it appears that the method of Bethe may be used to interpret sphere trans- 
mission experiments; it can provide a good approximation to the average 
capture cross section at 24 keV, if the potential scattering cross section 
is known with reasonable precision and is used as the effective scattering 
cross section. 
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An analogy to the present finding that a complex multiple scattering 
resonance capture problem may be treated by simply ignoring the resonance 
scattering contributions of absorptive nuclei is to be found in the methods 
evolved to handle the problem of the calculation of heterogeneous effective 
resonance integrals for absorbers possessing wide resoances (see DRESNER [7]). 
Dresner discusses the essential expression for the escape probability from 
spatially uniform volume sources in lumps of the resonance absorber, for 
which the width of the resonance in lethargy units greatly exceeds the 
average lethargy increment per collision. He notes that the escape proba- 
bility can be expressed accurately over a large range of scattering proba- 
bility per collision in the lump by a relation that ignores resonance 
scattering completely. 


It would appear that for nuclei having large s-wave strength functions 
and small average level spacings such as Au, average s-wave resonance scat- 
tering contributions are large. These s-wave scattering cross sections 
coincide in energy with capture cross sections with the result that proba- 
bility of capture is reduced and the probability of scattering is increased. 
Therefore, inclusion of the average resonance scattering cross section in 


estimating the value of a, 


s eff 


that is to be used in the Bethe method is 


incorrect. It was shown by BOGART and SEMLER [4] that the s-wave levels with 
the larger neutron widths in the Porter -Thomas distribution account for the 
larger share of the resonance capture integral; for example, 50 percent of 
the resonance capture integral is contributed by about 20 percent of the 
levels with the larger neutron widths. Therefore, a first order represen- 
tation of the cross sections that are effective for capture at 24 keV con- 
sists of the potential scattering cross section with the superposition of 
cross sections for relatively widely spaced resonances possessing the larger 
neutron widths . 


4. CONCLUSIONS 

A method of interpretation of sphere transmission measurements that 
uses the Bethe analysis but avoids the necessity for applying resonance 
self -protection corrections is suggested. By comparing values of average 
capture cross sections obtained from Monte Carlo analyses with values 
obtained from the Bethe analyses for Ag, Sb, I, and Au, a suitable crite- 
rion for estimating the value of the effective scattering cross section to 
be used in a Bethe analysis was obtained. The use of the potential scat- 
tering cross section as the effective scattering cross section in the Bethe 
analysis provides results that are in reasonable agreement with the Monte 
Carlo results without the necessity of applying resonance self -protection 
corrections . 
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TABLE I. - SPHERICAL-SHELL TRANSMISSION DATA AT 24 keV AND 
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Figure 1. - Loci, of Bethe solutions for Ag, Sb, I, and Au-2 shells (SCHMITT [1, 5]). 
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The Bethe method has been used to compute the values of Oq that 
satisfy the experimental values of transmission for several shells for a 
range of scattering cross section erg . Because the Monte Carlo code 
employed herein is readily capable of reproducing the Bethe calculations 
for energy independent cross sections, several Monte Carlo calculations 
were also made as a check. The two methods were found generally to agree 
quite accurately. Inasmuch as there are many combinations of constant 
scattering cross section dg and constant capture cross section dg that 
satisfy a given value of transmission for a shell, the locus of such values 
has been determined. 


The locus curves have been calculated for shells that were measured by 
SCHMITT [l], namely Ag, Sb, I, and Au-2. The curves are presented in Fig. 1. 
In each case reduction of Og results in an increase in dg. 


The problem in applying the Bethe method when microscopic cross sections 
vary with energy can be reduced to the determination of an effective scat- 
tering cross section cr S e |>|>‘ 'tbe past, the measured average total cross 

section dim at 24 keV has been used to estimate : 

Seff 




Since is generally much smaller than d^, a single iteration results 

in a good value for <j a . However, since dir, consists of the sum of 
_ _ b eff 1 

°pot> a s* anc * a C> relation (l) is equivalent to using 


c r c = 0 , + (JL 

pox; o 


in the Bethe analysis. 

The question arises as to what the effective value of energy-independent 
scattering cross section is that provides a value of d^ that is in reason- 
able agreement with the results of the present Monte Carlo analysis. Indi- 
cated in Fig. 1 are the values of Oq for values of a s e ff that correspond 

to dtp - cTq and to 0p O -f The Monte Carlo values of dg are shown to 
correspond closely to the values obtained by using dp 0 t as the effective 
scattering cross section. Values of Oq reported by Schmitt that have been 
corrected for resonance self -protection are also shown. These corrected 
values increase the values of dg so as to agree reasonably well with Monte 
Carlo values for Ag, Sb, and I. They disagree, however, for Au. Therefore, 
it appears that the method of Bethe may be used to interpret sphere trans- 
mission experiments; it can provide a good approximation to the average 
capture cross section at 24 keV, if the potential scattering cross section 
is known with reasonable precision and is used as the effective scattering 
cross section. 
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(a) Ag; transmission, 0.694. (b) Sb; transmission, 0.873. 



(c) I; transmission, 0.923. (d) Au-2; transmission, 0.800. 

Figure 1. - Locii of Bethe solutions for Ag, Sb, I, and Au-2 shells (SCHMITT [1, 5]). 




